We used an isolated, pressurized, and per fused feline middle cerebral artery preparation to mea sure how changes in intraluminal pressure and alterations in O2 and CO2 affect vessel diameter and myogenic con tractile activation before and after treatment with indo methacin (I ND). Vessel diameters were measured over the pressure range 60-140 mm Hg. The arteries were then exposed to low O2 (50 torr) and/or high CO2 (65 torr) and diameters remeasured over the same range. Under con trol conditions, the arteries exhibited myogenic contrac tile activation. Exposure to low O2, high CO2, or a mix ture of low 02/high CO2, increased vessel diameter but did not change the vessels' myogenic contractile respon siveness to changes in pressure. Arteries exposed to IND Arachidonic acid derivatives produced by the ce rebral arteries have many effects on the cerebrovas culature (Pickard and Walker, 1985) . Investigations into how these derivatives, particularly prostaglan dins and prostacyclin, affect cerebrovascular regu lation have relied extensively upon the use of the cyclo-oxygenase inhibitor, indomethacin (IND) (Pickard and Walker, 1985) . However, many of the findings have been contradictory. In animal studies, results have varied depending upon the species as well as the experimental model used (Leffler et aI., 1985). In some studies IND significantly reduced basal CBF (Pickard and MacKenzie, 1973; McCul-Abbreviations used: IND, indomethacin; MI, myogenic index; PSS, physiological saline solution.
Summary:
We used an isolated, pressurized, and per fused feline middle cerebral artery preparation to mea sure how changes in intraluminal pressure and alterations in O2 and CO2 affect vessel diameter and myogenic con tractile activation before and after treatment with indo methacin (I ND). Vessel diameters were measured over the pressure range 60-140 mm Hg. The arteries were then exposed to low O2 (50 torr) and/or high CO2 (65 torr) and diameters remeasured over the same range. Under con trol conditions, the arteries exhibited myogenic contrac tile activation. Exposure to low O2, high CO2, or a mix ture of low 02/high CO2, increased vessel diameter but did not change the vessels' myogenic contractile respon siveness to changes in pressure. Arteries exposed to IND Arachidonic acid derivatives produced by the ce rebral arteries have many effects on the cerebrovas culature (Pickard and Walker, 1985) . Investigations into how these derivatives, particularly prostaglan dins and prostacyclin, affect cerebrovascular regu lation have relied extensively upon the use of the cyclo-oxygenase inhibitor, indomethacin (IND) (Pickard and Walker, 1985) . However, many of the findings have been contradictory. In animal studies, results have varied depending upon the species as well as the experimental model used (Leffler et aI., 1985) . In some studies IND significantly reduced basal CBF (Pickard and MacKenzie, 1973; McCul- decreased in diameter but retained myogenic contractile activity. In the presence of IND, vessels dilated to both low O2 and a mixture of low 02/high CO2, but did not dilate to high CO2 alone. Under all conditions, vessels retained myogenic contractile activity. Results obtained under control conditions and low O2 confirm those of others using similar systems. Myogenic contractile activ ity in the presence of high CO2 or a mixture of low Ozl high CO2 has not been previously reported. The dilation to low O2 but not to high CO2 in the presence of IND suggests that this drug's effects in cerebral arteries are not limited solely to inhibition of prostaglandin synthesis. Key Words: Indomethacin-Autoregulation-Isolated ce rebral vessel-Hypoxia-Hypercapnia. loch et aI., 1982; Dahlgren et aI., 1981b; Bill, 1979; Cockard et aI., 1982; Dahlgren et aI., 1981a) , and appeared to interfere with both pressure-dependent (Leffler et aI., 1986) and arterial oxygen (02) and carbon dioxide (C02)-dependent responses (Pick ard and Walker, 1985) . In others (Quintana et aI., 1983; Phillis et aI., 1986; Cuypers et aI., 1978; Jack son et aI., 1983; Busija and Heistad, 1983; Wei et aI., 1980) , IND did not affect vasodilator responses to arterial hypercapnia or hypoxia, and it either in creased basal CBF or did not affect it at all. Studies in humans of IND's effect on basal CBF have also produced inconsistent findings, depending upon the schedule of administration or whether it was admin istered acutely (Okabe et aI., 1983; Amano and Meyer, 1981; Eriksson et aI., 1983; Pickles et aI., 1984; Wennmalm et aI., 1983) or chronically (Eriks son et aI., 1983; Wennmalm et aI., 1983) . Both acute and chronic IND treatment were found to reduce (Eriksson et aI., 1983; Amano and Meyer, 1981; Okabe et aI. , 1983; Wennmalm et aI., 1983) or not change the hyperemic CO2 response (Pickles et aI., 1984; Eriksson et aI., 1983) . Responses to hypoxia in IND-treated humans do not appear to have been studied.
All of these previous studies were done on intact preparations. Thus arachidonic acid metabolites produced by other compartments in the brain may have contributed to the effects seen (Pickard and Walker, 1985) . In addition, other physiological fac tors such as neural input, the influence of parenchy mal cells, and circulating vasoactive substances (Jackson and Duling, 1989) could have complicated the interpretation of the data.
Because of these factors and because it is difficult to determine in an in vivo setting how an individual variable such as O2, CO2, pH, or intraluminal pres sure affects vascular responses, in vitro experimen tal preparations have been found useful for studying vascular reactivity. Therefore, we used an isolated, pressurized, and perfused cat middle cerebral ar tery mounted on cannulas to examine the direct ef fect of IND on responses to changed intraluminal pressure and to alterated O2 and CO2 tensions.
METHODS

Vessel Preparation
Noninbred cats (2.5-4.0 kg) of either sex were anesthe tized with ketamine (10 mg/kg) and sodium pentobarbital (30 mglkg) then decapitated, and the brain removed. Mid dle cerebral arteries were dissected from the brain and immediately placed in cold WC) HC03 -buffered physi ological saline solution (PSS). For experimental studies, one end of an -8-mm artery segment was placed onto a 100-lLm tapered glass cannula (proximal cannula) and tied in place with 22-lLm nylon suture. The opposite end was likewise tied onto another cannula (distal cannUla). All side branches of the artery were tied off, and the vessel was adjusted to its approximate in vivo length. The ves sels were extraluminally perfused with PSS from a reser voir heated to 37°C. The composition of the PSS was (in mM): 141 Na+, 4.7 K+, 2.5 Ca 2 +, 0.72 Mg 2 +, 124 Cl-, 1.7 H2P0 4 -,22.5 HC03 -, and 11 glucose. Weather bal loons were filled with calibrated gas mixtures which were pumped from the balloon through dispersion stones into the PSS reservoir. The P02, Pco2 and pH were monitored with a Corning blood gas analyzer. The inflow pressure was adjusted by raising or lowering the height of a PSS-filled syringe clamped to a vertical pole and connected by tubing to the inflow pressure trans ducer in line with the proximal cannula. This intraluminal perfusate was bubbled with the same calibrated gas mix tures as above. A second pressure transducer connected distally to the outflow cannula measured outflow pres sure. Inflow and outflow pressures were matched by clamping the tubing distal to the outflow pressure trans ducer. Pressures were continuously monitored on a Gould 3400 recorder. The vessels were allowed to equil ibrate under control conditions for 60-90 min at 100 mm Hg, which approximates the mean arterial pressure of the adult cat.
Vessel diameter measurements
A color video camera connected to a TV monitor and video recorder was used to observe the vessels. External diameters of the arteries were measured with a FORA videoscaler, which generates vertical-line images which can be moved across the video monitor screen with po tentiometers. The distance between the vertical lines is accurate to ± 1.5 ILm.
In measuring diameters, we were partiCUlarly careful to keep the artery in focus and to measure vessel dimensions at the same point on the wall as judged by the presence of various distinguishing features located near the site (e.g., adhering connective tissue, nerve fibers, side branches, etc.). Vessel diameters were measured immediately after mounting the artery and after equilibrating for 60-90 min. Vessels were measured both before and after adding any drug, or changing intraluminal pressure or gas concentra tion.
In all groups, intraluminal pressure was increased from 60 to 140 mm Hg in 20 mm Hg increments. The arterial diameter was measured immediately after the pressure change and then every minute for 3 min. We had previ ously determined that the diameter stabilized within 3 min following a pressure change. The color video camera has a character generator with a stopwatch which was dis played on the video screen for accurate timing.
We had previously established that multiple pressure diameter curves were reproducible by repeating the curves at least five times during a time period comparable to the maximum length of an experimental study. Thus, we were confident that any changes seen in pressure diameter curves obtained during an experiment were not due to changes in the ability of the vessels to respond.
Drugs and gas mixtures
A stock solution of 10 -4 MIND was prepared by dis solving IND (Sigma) and Na2C03 in distilled water and diluting with PSS. The pH of this solution was adjusted to 7.4 by bubbling with the control gas mixture. A I-ml ali quot of the stock solution was added to the 100-ml PSS reservoir supplying the organ bath for a final concentra tion of 10-6 M. After the IND was added, the vessel equilibrated an additional 30 min under control conditions (IOO mm Hg pressure and control gas) prior to changes in the perfusion pressure or gas mixtures.
Control, hypoxic, and/or hypercapnic gas mixtures were produced by mixing O2, CO2, and N2 in weather balloons. The mixtures resulted in gas tensions in the organ bath and intraluminal perfusate solutions as fol lows: control (P02 140 torr, Pc02 37 torr); hypoxic (P02 50 torr, Pc02 37 torr); hypercapnic (Po2 140 torr, Pco2 60 torr); and hypoxic/hypercapnic mix (Pc02 50 torr, Pco2 60 torr). Vessels at 100 mm Hg were exposed to the exper imental gas mixtures for at least 15 min before determin ing the pressure-diameter curves.
Data and statistical analyses
For all vessels in each group, the change in diameter at each pressure step was expressed as a percent of the diameter at 60 mm Hg under control conditions. All re sults are expressed as mean ± SD. A two-factor repeated measures analysis was used to compare control and in domethacin-treated arteries; a three-factor, repeated measures analysis was used for the indomethacin hypoxia, indomethacin-hypercapnia, and indomethacin mix experiments (Kirk, 1982) . Waller-Duncan multiple comparisons were used to compare means (Kirk, 1982) . Orthogonal polynomial contrasts (test for trend) were used to test for the presence of myogenic contractile ac tivation (Kirk, 1982) .
To further analyze a vessel's myogenic contractile re sponsiveness, we calculated the "myogenic index" (MI) as proposed by Halpern et al. (Jackson and Duling, 1989) at each pressure step, for all vessels. This value is defined as MI = 100(�r/r/M), where r is the vessel radius and P is the transmural pressure. A myogenic index of zero or less indicates the presence of myogenic contractile acti vation, and the magnitude of this value reflects the strength of the response. Myogenic indices for each ex perimental group are expressed as the mean ± SD at each given transmural pressure. The repeated measures anal yses as described above were used to .test for signifi cance.
RESULTS
Effect of indomethacin
Under control conditions (i.e., normoxia and nor mocapnia without IND) cerebral artery diameter decreased as pressure was incrementally increased from 60 to 140 mm Hg (Fig. 1) . These vessels pos sessed strong myogenic contractile activity as indi cated by (1) decreasing diameter with increasing pressure; (2) a result significantly less than zero for the trend test of the pressure-diameter curve (p < 0.05; Table 1 ); and (3) an MI significantly less than zero at each pressure step (p < 0.05; Table 2 ).
Pressure-diameter curves were repeated 30 min after adding IND (10 -6 M). The diameters of the IND-treated arteries were significantly reduced at all pressure steps (p < 0.05), except 140 mm Hg, compared to those measured under control condi tions. Although arterial diameter was decreased in the presence of IND, the ability to exhibit myogenic contractile activation was maintained ( Tables 1 and  2) . However, the strength of this myogenic re sponse was not as great as in the control arteries. The negative trend was not significantly different from zero and it was significantly reduced in com parison to control (p < 0.05; Table 1 ); the MI values were also significantly less negative than those of the control (p < 0.05; Table 2 ).
Effect of hypoxia and indomethacin Figure 2 shows the results obtained in a second group of arteries studied under hypoxic conditions. Arteries exposed to hypoxia had significantly in creased diameters compared to control at each pressure step (p < 0.05). Myogenic contractile ac tivation was preserved in the presence of hypoxia. Although reduced in comparison to control, the negative trend of the hypoxia pressure-diameter curve was still significantly different from zero (p < 0.05; Table 1 ). The MI values were negative at all pressure steps (Table 2) .
Normal gas conditions were restored, IND (10-6 M) was added, and the pressure-diameter curves were repeated. The vessels exhibited significantly decreased diameters and a significantly decreased trend of the pressure-diameter curve compared to control (p < 0.05). When these IND-treated arteries were exposed to hypoxia, the diameters increased significantly at all pressure steps (p < 0.05). How ever, they were still somewhat reduced compared to those under hypoxic conditions without IND. Al though it was significantly different from zero, the negative trend of the pressure-diameter curve was not significantly different compared to hypoxia 
Note. MI value of,,;;; O indicates myogenic contractile activation (Jackson and Duling, 1989 ). a p < 0.05, significantly less than zero. b Significantly different compared with IND-untreated.
alone (Table O . The MIs were similar to hypoxia alone between 80 and 120 mm Hg but significantly less at 140 mm Hg (p < 0. 05; Table 2 ).
Effect of hypercapnia and indomethacin
The third group of arteries was used to study the responses to increased CO2, These results are shown in Fig. 3 . Exposure to hypercapnia produced significant dilation at all pressure steps (p < 0. 05). Myogenic contractile activation was maintained un der hypercapnic conditions as indicated by the neg ative trend of the pressure-diameter curve and MI values less than zero at all pressure steps (p < 0. 05; Tables 1 and 2) .
Pressure-diameter curves repeated in the pres ence of IND under normal gas conditions showed significant decreases in artery diameter at 60-100 mm Hg compared to control (p < 0. 05). IND treated arteries exposed to hypercapnia had no sig nificant change in diameter compared to IND treated arteries under normocapnic conditions. The vessels did retain myogenic contractile activity (p < 0. 05; Table 1 ) although the MI was significantly less than in the case of hypercapnia alone between 100 and 140 mm Hg (p < 0. 05; Table 2 ).
Effect of combined hypoxia/hypercapnia mix and indomethacin
In order to determine the response of arteries ex posed to both hypoxia and hypercapnia, a fourth group of arteries was used. The hypoxic/hyper capnic mix induced significant (p < 0. 05) vasodila- tion at all pressures (Fig. 4) . The arteries tended to dilate to the mixed gases more than to hypoxia or hypercapnia alone. Myogenic contractile activation was maintained (p < 0.05; Tables 1 and 2) . Pres sure-diameter curves repeated under normal gas conditions in the presence of IND also showed con striction as in the previous studies. IND-treated vessels exposed to the hypoxic/hypercapnic mix di lated significantly compared to control (p < 0.05) but not to IND-treated normoxic arteries. The neg ative trend with pressure of the IND-treated arter ies exposed to the gas mix was not significantly different from the IND-untreated arteries. The MI was less negative than the untreated arteries at 120 and 140 mm Hg (p < 0.05; Table 2 ).
DISCUSSION
In the absence of IND, isolated, pressurized fe line cerebral arteries in this study responded to in creasing pressure, hypoxia, and hypercapnia in manners consistent with other studies in the litera ture (Lombard et aI., 1986; McPherson et aI., 1987; Shapiro et aI., 1966) . The arteries exhibited myo genic contractile activation at pressures between the autoregulatory range of 60-140 mm Hg, and di lated when exposed to hypoxia and/or hypercapnia.
Neither hypoxia nor hypercapnia eliminated the myogenic contractile response to changed transmu ral pressure. The negative trend of the pressure diameter curves was less compared to control under hypoxic but not hypercapnic conditions. Lombard et aI. (1986) has also demonstrated that hypoxia par tially inhibits the myogenic contractile response to changes in pressure in cat middle cerebral arteries. The authors postulated that the lowered Po z may have hyperpolarized the vascular smooth muscle or inhibited its ability to depolarize with increasing transmural pressure. Either scenario could result from changes in membrane ionic conductances. In deed, Ebeigbe et al. (1982) have proposed that transmembrane Ca z + influx is reduced during hyp oxia. On the other hand, hypercapnic conditions did not appear to inhibit the vessels' contraction to el evated transmural pressure. We are not aware of any study other than the present one which has in vestigated the pressure-diameter relationships of isolated cerebral arteries exposed to hypercapnia.
The isolated cerebral arteries in this study con tracted when exposed to IND. Similar results have been described in other species and experimental preparations. IND caused significant cerebrovascu lar constriction as well as reduced CBF in adult humans (Wennmalm et aI., 1984; Pickles et aI., 1984) , in rats (Sakabe and Siesjo, 1979; Hadhazy et aI., 1988; Bouchi et aI., 1985) , in baboons (Hadhazy et aI., 1988; Pickard, 1981) , in goats (Hoffman et al. , 1982) , and in cats (Dahlgren et aI., 1981a) . In con trast, other studies in cats (Busija and Heistad, 1983; Wei et aI., 1980) , as well as in dogs (Jackson et aI., 1983) , have shown no change in cerebral blood flow following IND. In the rat, Phillis et al. (1986) found that IND increased cerebral blood flow. Differences in species and/or experimental models may account for the divergent findings. Busija and Heistad (1983) and Wei et al. (1980) con ducted their cat studies using the cranial window technique. The role of parenchymal cell influence in that experimental model, in contrast to our isolated vessel model, may in part explain the different re sults.
Although the arteries in this study were signifi cantly constricted in the presence of IND, they did maintain myogenic contractile responsiveness throughout the pressure range. However, this was reduced compared to arteries not treated with IND. Similar findings have been reported in baboons (Pickard, 1981; Hadhazy et aI., 1988) , rats (Had hazy et aI., 1988) , and gerbils (Crockard et aI., 1982) . The reduced negative trend of the pressure diameter curve of the IND-treated arteries com pared to control might be due to the arteries' overall constricted state, which could limit the magnitude of further constriction with increasing pressure. This would agree with the explanation proposed by Pickard et aI. (1977) , who described a similarly re-duced autoregulatory upper limit following IND in fusion in baboons.
It has been suggested that the IND-induced con striction results from reduced prostacyclin produc tion by the cerebral artery endothelium (Ment et aI., 1983) . Brandt et ai. (1981) attributed the IND induced contraction of human pial artery rings to inhibited synthesis of vasodilating prostaglandins. However, this may not totally account for the re sponse; several other possibilities exist. IND could act directly on vascular smooth muscle cells (Lef fler et aI., 1985) ; affect production of other arachi donic acid metabolites (Pickard and Walker, 1985) ; scavenge free radicals which produce dilation (Lef fler et aI., 1985) ; or affect ion transport, particularly Ca 2 + (Leffler et aI., 1985) . In preliminary studies we found evidence to suggest that IND does not exert its constrictive effect solely at the level of the vascular endothelium. Both de-endothelialized ce rebral arteries, as well as vascular smooth muscle cells harvested from cerebral arteries, contract upon exposure to IND (Norins and Madden, 1990; Subramanian and Madden, 1990) . The mechanisms underlying this action have not been determined. However, the similarity in chemical structure be tween IND and serotonin raises the possibility that IND may act through some of the same mechanisms (Gardner and Simkin, 1990) .
The persistence of the dilatory response to hyp oxia after IND treatment agrees with other studies showing preservation of the hyperemic response to hypoxia (Sakabe and Siesjo, 1979; Wei et aI., 1980) . These data would suggest that prostaglandin 12 (PGI2) is not solely responsible for the dilatory phe nomenon. Busse et al. (1984) found that removing endothelial cells completely abolished hypoxic dila tion in the rat tail artery. He concluded that the hypoxic dilation was elicited by a specific endothe lial mechanism. However, we have found that de endothelialized vessels can still dilate when ex posed to hypoxia (Norins and Madden, 1990) .
The absence of a hypercapnic dilation in the pres ence of IND agrees with data reported for baboons (Pickard 1981; Hadhazy et aI., 1988) , rats (Hadhazy et aI., 1988) , cats (Vlahov, 1976) , and humans (Wennmalm et aI., 1984) . However, it contrasts with other data for cats reported by Wei et al. (1980) and Busija and Heistad (1983) . As discussed above, the experimental preparations used by these inves tigators may in part account for these differences. Our results also contrast with those reported in other studies using adult goats (Hoffman et aI., 1982) , adult dogs (Jackson et aI., 1983) , adult rab bits (Busija and Heistad, 1983 ) and adult humans (Pickles et aI., 1984) .
Because CO2 is freely permeable across cell membranes, its actions may be mediated by a sec ondary change in intracellular pH (Harder, 1982) . The decreased cytoplasmic pH which occurs with increased COz, has been shown to hyperpolarize other biological membranes (Shanes, 1958) . It has not been determined if IND affects the intracellular pH decrease that accompanies increased CO2, or if it affects other arachidonic acid products. Increas ing the level of Peo2 can open K + channels, hyper polarize the membrane, and thus relax the smooth muscle (Harder, 1982) . Whether IND can affect these same K + channels in cerebral vascular smooth muscle is not known.
Although the dilation of the IND-treated arteries exposed to simultaneous hypoxia and hypercapnia was not statistically significant when compared to IND-treated vessels under normal gas conditions, it still suggests that the responses to the gases may be mutually exclusive; i.e., the ability to dilate to hyp oxia persists and is not affected by the inhibited hypercapnic response. To our knowledge, this ef fect of IND on the cerebrovascular response to the mixed gases has not been previously reported for adult animals. In unanesthetized neonatal piglets, Leffler et al. (1985) found that the CBF increased if the animals breathed a hypoxic/hypercapnic gas mixture. However, after administering IND the CBF decreased to levels comparable to those mea sured while the animals breathed room air. The ef fect of the combined gas mixture on CBF after pre treatment with IND was not addressed.
In conclusion, the present study demonstrates that in isolated feline cerebral arteries: (1) IND re duces resting vessel diameter but does not eliminate myogenic contractile activation; and (2) the dilation to hypoxia and to a mixture of both hypoxia and hypercapnia is preserved in the presence of IND, but the dilation to hypercapnia is not. Our findings also suggest that the effects of IND on cerebral ar teries are not limited to the inhibition of prostaglan din synthesis.
